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Previous studies have identified relevant genes and signalling
pathways that are hampered in human disorders as potential
candidates for therapeutics. Developing nucleic acid-based
tools to manipulate gene expression, such as short interfer-
ing RNAs™ (siRNAs), opens up opportunities for personal-
ized medicine. Yet, although major progress has been made
in developing siRNA targeted delivery carriers, mainly by
utilizing monoclonal antibodies (mAbs) for targeting*-, their
clinical translation has not occurred. This is in part because
of the massive development and production requirements
and the high batch-to-batch variability of current technolo-
gies, which rely on chemical conjugation. Here we present a
self-assembled modular platform that enables the construc-
tion of a theoretically unlimited repertoire of siRNA targeted
carriers. The self-assembly of the platform is based on a
membrane-anchored lipoprotein that is incorporated into
siRNA-loaded lipid nanoparticles that interact with the anti-
body crystallizable fragement (Fc) domain. We show that a
simple switch of eight different mAbs redirects the specific
uptake of siRNAs by diverse leukocyte subsets in vivo. The
therapeutic potential of the platform is demonstrated in an
inflammatory bowel disease model by targeting colon mac-
rophages to reduce inflammatory symptoms, and in a Mantle
Cell Lymphoma xenograft model by targeting cancer cells to
induce cell death and improve survival. This modular deliv-
ery platform represents a milestone in the development of
precision medicine.

Targeted drug delivery to diseased cells reduces bystander cell
toxicity and can be used to transport poorly permeable drugs, such
as nucleic acid-based therapeutic molecules'~. Active cellular tar-
geting carriers that encapsulate siRNAs were shown to promote
effective gene silencing. Clinical studies using lipid-based nanopar-
ticles (LNPs) that carry siRNA payloads or GalNAc-conjugated
siRNAs that are taken up by the asialoglycoprotein receptor on
hepatocytes are showing impressive and durable gene knockdown
in the liver in advanced phase trials'~’. Although designing useful
strategies for delivering siRNAs to cells outside the liver, such as leu-
kocytes, has proven difficult, by utilizing antibodies as fusion pro-
teins or conjugated to LNPs, we and others were able to demonstrate
specific gene knockdown in murine lymphocytes*®. These studies
support the development of targeted siRNA delivery platforms for

therapeutics of leukocyte-based diseases, such as autoimmune dis-
eases and cancer.

Inflammatory conditions and cancer are multifactorial diseases
and an optimal therapy will target different gene targets in distinct
cell types. A wide variety of targeted delivery carriers that utilize
diverse targeting moieties is required due to the heterogeneities
in cancer. Individuals differ in the profiles of their cancer cell sur-
face receptors, and the variance within tumour cell populations is
also high. Thus, an effort to eradicate cancer by targeting a single
receptor will most probably fail and cause resistant cancer cells to
flourish once deprived of this specific targeted receptor. Therefore,
a delivery platform that can be adjusted for each patient and tar-
get several receptors would be ideal. However, constructing a wide
variety of targeted delivery platforms is not feasible with current
methodologies. Although mAbs that bind with high affinity and
selectivity to cell-specific receptors are broadly available, the chem-
ical conjugation of those mAbs, which differ in their amino-acid
composition, to LNPs is inefficient and requires careful optimiza-
tion for each mAb**.

Here, we developed a flexible platform for cell-specific siRNA
delivery that can be easily customized, with no need for further
development, to target any cell receptor. The LNPs are non-cova-
lently coated with targeting antibodies via a recombinant protein
(anchored secondary scFv enabling targeting, named ASSET).
ASSET is a membrane-anchored lipoprotein that is incorporated
into siRNA-loaded lipid nanoparticles and interacts with the anti-
body Fc domain. For this purpose, ASSET is composed of two
functional domains—an N-terminal signal sequence followed by
a short CDQSSS peptide NIpA motif that undergoes lipidation in
bacteria and an scFv of a monoclonal antibody (clone RG7/1.30)°
that binds to the Fc constant region of Rat IgG2a antibodies
(Fig. la-c, Supplementary Fig 1). This lipidation strategy,
previously used for displaying proteins anchored to the inner
membrane of Escherichia coli'"", allows the purified recombinant
lipidated ASSET to be inserted into any lipid vesicle. An mCherry
domain and His-tag were fused to the C terminus of ASSET
to enable us to track cell uptake of ASSET-coated LNPs and for
ASSET purification, respectively.

ASSET was expressed and purified from bacteria with a high yield
(30mgl™) and purity of ~47.5% (Fig. 1d) with minimal endotoxin
contamination (1.57 endotoxin units per kg). Purified mutated (m)
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Fig. 1| ASSET platform design and construction. a, Schematic illustration of ASSET incorporation into LNPs, binding to Rlg and targeting. 1, Target cell
membrane; 2, targeted cell-surface receptor; 3, encapsulated siRNA; 4, LNP; 5, ASSET anchored in the LNP; 6, Rlg; 7, interaction between ASSET scFv and
Rlg Fc. b, ASSET expression vector. ¢, TsiLNP construction. Microfluidic mixing of lipids and siRNA resulted in siLNPs (1). ASSET, expressed in the E. coli
periplasm anchored by lipidation to the inner membrane (2), is purified in micelles (3); inserted into the siLNP (4) and coated with Rlg (5). d, Cropped
polyacrylamide/SDS gel electrophoresis of purified ASSET stained with Coomassie blue. The red box indicates ASSET. Lanes were cropped from the

same gel. e, Mutated mASSET (O (light blue), 3 (red), 6 (green), 12 (blue), 18 (purple), and 30 (brown) nM) binding to Rlg as assessed by Biacore using
immobilized Rlg. Black lines represent fits to the kinetic model. f, Representative flow histograms to measure binding of purified ASSET to TK1 cells that
were pre-incubated (red) or not (black) with aLFA-1 RIg. Untreated cells are shaded grey. ASSET was detected by aHis. g h, Incorporation of ASSET (+)

or lipidation-defective mASSET into LNPs as quantified by mCherry fluorescence determined by the fluorescence remaining in TsiLNPs after dialysis

to remove unbound protein (g) or assessed by ELISA after dialysis to remove unbound protein (h). i, Uptake of Cy5-siRNA-loaded alLFA-1 TsiLNPs,
constructed using the indicated molar ratios of ASSET:RIg, into TK1 cells as assessed by flow cytometry measurements of Cy5 mean fluorescence intensity
(MFI) (red). Uncoated TsiLNPs lacking Rlg served as a negative control (grey). The molar ratios are shown in the grey and red boxes for ASSET and Rig
respectively. j, The CD34 binding affinity of xCD34 Rlg incorporated in TsiLNPs or ccTsiLNPs as assayed by ELISA. k, HEK293T cells were transiently
transfected with rat Fc receptor and GFP. Representative flow histograms measure the binding of Cy5-siRNA-loaded aCD34 TsiLNPs (grey), a«CD34
ccTsiLNPs (red) and untargeted siLNPs (dark grey) to transfected HEK293T gated for GFP"e", and to untransfected cells gated for GFP-. Right: mean +s.d.
ratio of Cy5 MFI of GFPhigh and GFP—, normalized to siLNP binding. Data in d-k are representative of 3 independent experiments; datain g, h and k are

the mean+s.d.,, n=3. ****P<0.0001 (two-sided student's t-test).

ASSET, composed of a fusion protein containing a mutated NIpA
motif, specifically bound to Rat IgG2a (RIg) with a dissociation con-
stant K, of ~22.7 nM as measured in three independent replicates by
surface plasmon resonance (SPR) (Fig. 1e) and selectively bound to
cells coated with RIg compared with uncoated cells (Fig. 1f). When
ASSET was incubated with LNPs, it was incorporated, as quantified
by mCherry fluorescence (Fig. 1g) and enzyme-linked immuno-
sorbent assay (ELISA) (Fig. 1h) in three independent repeats with

99.6% and 95.8% efficiency, respectively. Incorporation required the
NIpA lipidation motif as mASSET was not incorporated into LNPs.
Lipidation therefore directed ASSET anchoring.

ASSET incorporation slightly increased the size of the LNP from
66+ 11 to 75+ 14nm and the polydispersity index (PDI) from 0.10
to 0.16 by dynamic light scattering (Supplementary Table 1). These
particles retained both their spherical shape (Supplementary Fig 2a)
and efficient siRNA loading (Supplementary Fig 2b), even after a
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Fig. 2 | TsiLNP functionality in vitro and in vivo. a, Confocal microscopy of CD44 + CD34- RAW 264.7 cells incubated with Cy5-siRNA-loaded aCD44 or
aCD34 TsiLNPs. LNP incorporation was visualized by Cy5 or mCherry (red); nuclei were stained with Hoechst 33342 (blue) and membranes were stained
with aCD45 (green). b, Selective uptake of Cy5-siRNA-loaded aCD4 TsiLNPs by blood CD4 + lymphocytes harvested 1.5 h after intravenous injection and
assessed by flow cytometry for Cy5 fluorescence. Red indicates TsiLNP-treated cells; black indicates mock-treated cells. €, d, xCD4 TsiLNPs loaded with
CDA45 or luciferase siRNAs were injected on days 1and 3 and inguinal lymph node lymphocytes were harvested on day 7 and analysed by flow cytometry
for CD45 and CD4. Representative dot blots (¢) and the mean +s.d. CD45 geometric MFI (d) relative to mock-treated cells are shown. Data in a-c are
representative of 3 independent experiments; data in d are the mean +s.d., n=3 biological replicates. ***P < 0.001 (two-sided student's t-test).

4hr incubation in plasma (Supplementary Fig 2¢). To construct
targeted siRNA-loaded LNPs, which we call TsiLNPs, ASSET and
RIg were sequentially added in equimolar amounts to previously
described siRNA-loaded LNPs*>'>"*. To verify TsiLNP assem-
bly, we used immunoblotting to probe for ASSET and RIg after
high cutoff (1MDa) dialysis to remove any unbound proteins
(Supplementary Fig 3a). RIg only bound if ASSET was incorpo-
rated. ASSET-mediated RIg binding was efficient (~98% by pro-
tein gel staining) (Supplementary Table 2). This is in contrast to
the inefficiency of carbodiimide-mediated chemical conjugation
(<0.5%) (Supplementary Fig 3b and Supplementary Table 2).
The high RIg binding efficiency led us to explore the possibil-
ity of stepwise TsiLNP assembly in which the purification step
to remove unbound antibodies could be eliminated. Uptake of
aLFA-1 TsiLNPs into TK1 cells was optimal when TsiLNPs were
produced using an ASSET:RIg ratio of ~1:1 (Fig. 1i). These data sug-
gest that each RIg bound to one anchored ASSET molecule. Thus,
unlike after chemical conjugation, a purification step to remove the
unbound antibody (which typically involves gel filtration with large
losses) could be omitted.

In contrast to chemically conjugated antibodies, which are ran-
domly oriented so only a fraction is functional, the TsiLNP design
assures optimal RIg function as RIg is bound to ASSET through its
Fc domain, while the variable domain is exposed for ligand binding.
Indeed, «CD34 RIg bound to the LNPs by ASSET maintained its
high affinity (K; & 0.24nM by ELISA), whereas the same siRNA-
loaded LNPs that were chemically conjugated with RIg (ccTsiLNPs)
only bound with an average K; of ~1.08nM (measured in three
independent conjugations)—a 4.5-fold loss in activity (Fig. 1j and
Supplementary Table 2). As ASSET enables controlled mAb orien-
tation we assumed that the mAb Fc domain is shielded to prevent
binding and phagocytosis by Fc receptor (FcR)-bearing scavenger
cells that are distributed throughout the body. To test this we com-
pared the binding of ®aCD34 TsiLNPs and ccTsiLNPs to rat FcR that
is transiently expressed in HEK293T cells (Fig S3e). «CD34 TsiLNPs
did not bind, but the ccTsiLNPs did in three biological replicates
(Fig. 1j). Thus, while conjugated LNPs were recognized by rat FcR
and therefore vulnerable to clearance by scavenger cells, antibodies
bound to TsiLNPs escaped FcR recognition.
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We next tested whether TsiLNPs bind to and are taken up by
cells bearing the targeted receptor. ASSET-containing LNPs incu-
bated with aLFA-1 RIg were selectively taken up by the LFA-1*
mouse T cell lymphoma cell line TK1. Moreover, TK1 cells did
not bind to ASSET LNPs without any antibodies (Supplementary
Fig 3c) or to LNPs lacking ASSET (Supplementary Fig 3d). To
test the versatility and specificity of TsiLNPs, we assessed mouse
macrophage CD44*CD34~ RAW264.7 cell uptake of aCD44 or «
CD34 Rlg-coated TsiLNPs, incorporating Cy5-labelled siRNAs by
immunofluorescence microscopy for ASSET mCherry and Cy5.
RAW264.7 uniformly internalized «CD44 (but not aCD34) RIg-
coated TsiLNPs (Fig. 2a).

Encouraged by the in vitro results, we next examined whether
TsiLNPs cause gene knockdown in targeted cells in vivo. We
chose target lymphocytes that are ordinarily hard to transfect and
were previously targeted using ccTsiLNPs’. Injected aCD4 Rlg-
coated TsiLNPs, encapsulating Cy5-conjugated siRNAs, were
specifically and efficiently taken up by blood CD4+ lymphocytes
(Fig. 2b). When CD4 TsiLNPs incorporating CD45 or luciferase
control siRNAs were used, CD45 expression was reduced specifi-
cally in CD4+ inguinal lymph node lymphocytes. An ~60% reduc-
tion of CD45 protein was observed in the silenced population in
three independent repeats (Fig. 2c,d). Thus, the TsiLNP platform
was able to achieve comparable specific silencing as previously
achieved with ccTsiLNPs in CD4+ T cells*. The advantage of using
the new platform was that this gene knockdown was achieved with
negligible calibration using an amount of antibody that was two
orders of magnitude lower.

To assess the versatility of the ASSET platform, we next tested
whether a simple RIg switch could alter which cells were targeted
(Fig. 3a). We compared uptake by blood lymphocytes of TsiLNPs
that encapsulate Cy5-conjugated siRNAs and are coated with anti-
CD3, CD4, beta7 integrin (Itgb7) or CD25 antibodies (Fig. 3b, and
Supplementary Fig 4). Itgb7 is expressed on most T and B lym-
phocytes as well as on monocytes'* and CD25 is expressed brightly
on regulatory T cells and less brightly on activated T cells. «CD3
TsiLNPs were taken up by both CD4* and CD4~ CD3* lymphocytes,
but not by CD3~ CD19* B cells or CD11b* monocytes. As target-
ing via ®CD3 downregulates CD3 from the cell surface within 1.5h

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/naturenanotechnology

LETTERS NATURE NANOTECHNOLOGY
a
b ' CD25% Treg I
, CD4*, T helper \ , CD8*, CTLs \
Gating: , CD3%, T cells \ { CD19%, B cells \ ! CD11b", \
monocytes

Itgb7 TsiLNPs

Q
>

10° 10" 102 10°

10° 10" 102 10® 10* 10° 10" 10 10° 10* 10° 10

102

CD3 TsiLNPs

(=
>

10° 10*  10° 10" 10* 10° 10*  10° 100 10* 10°

10° 10" 10° 10° 10* 10° 10" 10® 10° 10* 10° 10

n » o
°__°. . .2 .°
o B 5 8

o - -
o o o o
o 3 8 8 &
o

CD4 TsiLNPs

100

80

60

40

20

(=
>

10" 102 10° 10*  10° 10" 102 10°

(=)
°

10°  10*

10° 10" 102 10*° 10* 10° 10" 10® 10® 10* 10° 10

n » o
o o o o
n B D
o o o o
5 . T
o o N
o o o (4]
- n w »
o o o o o
-
n » (2] -] o
o o o o o o
CD25 TsiLNPs

[=}
>

10" 10®2 10® 10*  10° 10" 10® 10°

o
°

10° 10t

@
o
<
I3}

Fig. 3 | In vivo targeting of TsiLNPs. a, Schematic illustration of the versatility of the targeting platform, made possible by coating ASSET-loaded LNPs
with diverse Rlgs to target different cell subsets. b, Cy5-siRNA-loaded TsiLNPs assembled with indicated Rlgs (altgb7, aCD3, aCD4 and aCD25) were
injected intravenously and blood leukocytes were isolated 1.5 h after injection and co-stained for CD4, CD3, CD8, CD19, CD11b and CD25. Representative
histograms of 3 independent experiments of live mononuclear cells (biological replicates) are shown, gated as indicated. TsiLNPs are shaded red, mock-

treated cells in grey.

of TsiLNP administration, we verified specific uptake to CD4* and
CD8* T cells using CD4 and CD8 labelling (Supplementary Fig 4).
CD4 TsiLNPs were uniformly taken up by CD4* T cells, but not
by CD4-CD3* T lymphocytes, CD3~ cells or CD11b* cells. Itgb7
TsiLNPs were taken up by a subset of both CD3* and CD3" cells,

as expected based on its expression by T and B lymphocytes and
monocytes. CD25 TsiLNP uptake was restricted to the small popu-
lation of CD25% CD4" T cells. Thus, simply switching the RIg used
for targeting directed LNPs in vivo into cell surface receptor-defined
subsets of lymphocytes with precision.

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/naturenanotechnology

a b 25
Colitis
. scorin —~ 0. -
TSiLNPs 9 o~ 020 T
H =
v o 0.15
| F 010 o
[ T T | E
0 1 2 8 days 0.05
. 0.00 : :
2%DSS Dss - + + + +
siRNA - - Luc TNF TNF
Rlg - - Ly6C Iso Ly6C
c d
150 20
k)
o T o 15
> =
2 100 T S Se A
© » —
= n 10 e v
0>) 9 A v
= 50 w
© S 5 —_—
uﬂ:) *kk v?
*
0 0l : : : :
DSS - + + + + DSs - + + + +
siRNA - - Luc TNF TNF siRNA - - Luc TNF TNF
Rlg - - Ly6C Iso Ly6C Rig - - Ly6C Iso Ly6C
€ f 1201 —+ LY6C TNF
9 £ ~ Iso TNF
< -
= 2 1o LY6C Luc
§ °7 e 2 1004 sk DSS
£ 7 * g ~ Healthy
<) v a
5 g - 2 904
c —_— N £
o A = i
8 s = g
4 T T T T T 70 T T T T T T
DSS - + + + + 0 2 4 6 8 days
siRNA - - Luc TNF TNF
Rig - Ly6C Iso Ly6C
g Healthy DSS siLuc-aLy6C siTNF-isotype siTNF-aLy6C

Fig. 4 | TsiLNP-mediated therapeutic gene silencing in a murine colitis model. a, Experimental design. After oral DSS is administered, mice were
injected intravenously with aly6C or isotype control TsiLNPs encapsulating TNF or luciferase siRNAs on days 3, 5, and 7 and were killed on day 8. b,c,
Colonic TNFa (b) and IL-6 (c) levels in whole tissue lysates were evaluated by ELISA. d-f, Murine endoscopic index of colitis (MEICS) (d) and colon
length (e) were assessed on day 8 and relative body weight (f) was measured daily. Number of mice n=4. Data are mean+s.d., n=5, *P<0.05,
**P<0.01, ****P<0.0001 (two-sided Student'’s t-test relative to mice given DSS but not injected with TsiLNPs). g, Representative colonoscopy
images (top) and histology (hematoxylin and eosin staining, bottom) on day 8. Data in b-g are representative of 3 independent experiments (as

biological replicates).

Next, we tested the potential therapeutic utility of TsiLNPs.
Because secretion of TNFa by intestinal macrophages plays a major
role in inflammatory bowel disease (IBD), reducing TNFa secretion
in the gut should provide protection in an animal model of IBD".
For targeting we chose Ly6C, a marker of mouse circulating mono-
cytes and inflammatory tissue macrophages'®”’. aLy6C TsiLNPs
demonstrated 94.2% knockdown by mRNA in vitro in three inde-
pendent repeats (Supplementary Fig 5a). We next investigated
whether TsiLNPs, produced with Cy5-labelled siRNAs and aLy6C
RlIg, were taken up by Ly6C* blood monocytes (Supplementary
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Fig 5b,c). Indeed, Ly6C* cells were positive to Cy5 in three mice
treated with Ly6C TsiLNPs, but not with control RIg TsiLNPs.
Oral administration of the detergent dioctyl sodium sulfosuccinate
(DSS) causes colitis in mice and is used as a model of IBD". To
assess the therapeutic efficacy of TsiLNPs in this model, Ly6C or
control antibody TsiLNPs encapsulating TNF siRNAs were admin-
istered intravenously 3, 5 and 7 days after giving DSS, and TNFx
knockdown and colitis severity were assessed on day 8 (Fig. 4a).
aLy6C TsiLNPs reduced TNFa protein in the large intestine of 5
mice by approximately threefold (Fig. 4b), even below its level in
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uninflamed gut. IL-6 expression in the gut, an indicator of inflam-
mation, was also drastically reduced to its baseline levels in healthy
mice (Fig. 4c). DSS colitis leads to profound weight loss, a shorten-
ing of the inflamed colon and erythema, swelling and inflammatory
infiltration of the colon. All of these disease signs were significantly
and dramatically reduced in all 5 mice receiving aLy6C TsiLNPs
bearing TNF siRNAs (Fig. 4d-g). In contrast, there was minimal
or no protection provided by TsiLNPs assembled with isotype con-
trol RIg or Luc siRNA. The minimal protection afforded by TsiLNPs
assembled with isotype control RIg might be due to their nonspe-
cific phagocytosis by macrophages, which remove particulates.
Thus, targeted delivery of TNF siRNAs to Ly6C* macrophages by
TsiLNPs provided protection from DSS colitis.

To test the applicability of TsiLNPs for cancer therapy, we used a
model of disseminated bone marrow mantle cell lymphoma (MCL)
generated by intravenous injection of a human MCL cell line into
immunodeficient mice’. Human CD29 Rlg was chosen to target
these lymphoma cells, and PLK1 was used to cause G2/M cell cycle
arrest and then cell death. After verifying that aCD29 TsiLNPs
knocked down PLKI1 in three biological replicate Granta-519
cells in vitro (Supplementary Fig 6a) and caused cell cycle arrest
(Supplementary Fig 6b), we investigated its effect on survival of
mice bearing MCL tumours. «CD29 or isotype control antibody
TsiLNPs encapsulating PLK1 siRNAs were administered intrave-
nously every 3 days beginning 5 days after tumour cell injection to
10 mice in each group (Supplementary Fig 6¢c). Mock-treated mice
and mice that were treated with TsiLNPs assembled with isotype
control RIg had median survival times of 24 and 28 days, respec-
tively, while mice treated with «CD29 TsiLNPs showed prolonged
survival for a median of 46 days.

A flexible platform that delivers siRNAs effectively and selec-
tively to targeted cell populations in vivo has tremendous research
and therapeutic potential. To translate this platform for human
use, an scFv that binds the Fc region of human IgG and human-
ized IgG should be substituted for the rat reagents. The scFv should
have sufficient affinity to avoid exchange with serum IgG. Adapting
this flexible platform for human use will enable personal therapy
for cancer patients in which the targeted antibody can be adjusted
according to each patient’s cancer cell surface marker expression.
The platform could also allow the use of more than one targeting
antibody to reduce the chance of cancer resistance and relapse due
to receptor down-modulation.

Here we showed the versatility of this platform for antibody-
directed delivery and knockdown in hard-to-transfect immune
cells using eight different targeting antibodies (against CD44,
CD34, Ly6C, CD3, CD4, CD25, CD29 and Itgb7) and showed its
therapeutic effectiveness in a DSS colitis model and in MCL xeno-
grafts. Our targeting strategy involves a simple antibody substitu-
tion without any recalibration or optimization, which preserves the
high affinity of the antibody in the nanoparticle and eliminates its
phagocytosis by scavenger cells. This simple approach creates new
opportunities to study leukocyte biology in vivo and ultimately
might become a novel personalized therapeutic platform to treat
leukocyte-related diseases.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41565-017-0043-5.
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Methods
Monoclonal antibodies. RIg aLy6c (clone Montsl, BioXcell)
RIg altgb7 (clone FIB504, BioXcell)
RIg aCD44 (clone KM81, CEDARLANE)
RIg aCD3 (clone KT3, BioXcell)
RIg aCD4 (clone YTS 177, BioXcell)
RIg aLFA1 antibody (clone M17/4)
RIg aCD25 (clone 280406, R&D Systems)
Isotype RIg (clone 2A3, BioXcell)
RIg aCD45 (clone 30-F11, Biolegend)
RIg aCD19 (clone 6D5, Biolegend)
RIg aCD25 (clone PC61, Biolegend)
RIg aCD11b (clone M1/70, Biolegend)
RIg aCD4 (clone GK1.5, Biolegend)
RIg aCD8 (clone 53.6.7, Biolegend)
RIg aCD3 (clone 145-2C11, Biolegend)
RIg aCD34 (clone mec14.7, a gift from GARLANDA Cecilia, Humanitas
Clinical and Research Center)
RIg aCD29 (clone Mab13, BD Pharmingen)

Cell lines. Anti-rat IgG2a hybridoma (ATCC, TIB-173), RAW 264.7 cells (ATCC,
TIB-71), HEK293 cells (ATCC, CRL-1573), Tkl cells (ATCC CRL-2396) and
Granta 519 cells (DSMZ, ACC-342) were used. All cells were routinely checked
every two months for Mycoplasma contamination using EZ-PCR Mycoplasma Test
Kit (Biological Industries) according to the manufacture's protocol.

Anti-rat Ig scFv construction, expression and purification. Total RNA was
extracted from hybridoma cells (ATCC, TIB-173) using an EZ-RNA (Biological
Industries) reagent and cDNA was synthesized (Quanta Biosciences). Heavy and
light IgG chains were cloned as described in a previous study'®. Anti-rat Ig scFv
(scFv) was assembled with an insertion of a (Gly,Ser), linker and cloned into
pET22b-pelB vector, downstream of a HexaHisidine tag.

For periplasmic expression, E. coli Rosetta BL21 (DE3) cells were transformed
with scFv expression vector. When Ay, =2.5, 1 mM IPTG was added for
3h at 30°C with shaking at 250 r.p.m (1" circular orbit). Periplasmic proteins
were extracted according to a standard protocol’ and scFv was purified using
HisTrap HP columns (GE Healthcare Life Science) according to the supplier’s
recommendations.

ASSET construction, expression and purification. For ASSET engineering we
added an NIpA signal peptide and lipidation sequence at the scFv N terminus

by a set of PCR reactions. At the scFv C terminus we added the red fluorescent
protein mCherry followed by a hexahistidine tag. The DNA sequence was validated
by Sanger sequencing. E. coli BL21-tuner (DE3) cells were transformed with the
ASSET expression vector. When Ay, reached 1, 0.5 mM IPTG was added for
induction overnight at 30 °C. ASSET was purified from the membrane fraction
and solubilized in 20 mM TRIS(HCL) (pH 8) buffer with 1% Triton X-100 (Sigma-
Aldrich), followed by buffer exchange to 1.4% Octyl glucoside (Abcam, ab-142071-
50-B) as described previously'”'! and further purified using HisTrap HP columns
(GE Healthcare Life Science). To create micelles, 250 nM cholesterol (Avanti Polar
Lipids) was added and ASSET was stored at —80°C.

ELISA assays. ELISA plates were coated O.N with 5ugml~' RIg (BioXcell, clone
FIB504) or BSA, for control. After blocking for 2h at 37°C with 3% skim milk in
PBS, scFv or ASSET were added in serial dilutions for 1 h at room temperature.
Mouse aHis (Roche) was used followed by anti-mouse HRP for detection. To test
ASSET LNP functionality, the same protocol was followed with an additional step
of LNP pre-incubation with 0.2% Triton X-100 (Sigma-Aldrich) for 20 min at 37°C.
To test TsiLNP and ccTsiLNP RIg functionality, wells were coated overnight
with 5 pug ml™ recombinant mouse CD34 (Sino Biological Inc.). After blocking
for 2h at 37°C with 3% skim milk, TsiLNPs or ccTsiLNPs, pre-incubated with
0.2% Triton X-100 (Sigma-Aldrich), were added in serial dilutions for 1 h at room
temperature. aRat HRP was used for detection using TMB solution (Millipore) as
substrate and the reaction was stopped by adding 2M H,SO,. Results were analysed
by reading A s, on a plate reader (Biotek).

Endotoxin tests. The Limulus amebocyte lysate (LAL) test was performed by Hy
Laboratories Ltd using LAL prepared by the Associates of Cape Cod Inc.

Biacore. The binding affinity of purified mASSET to RIg antibodies was
determined by SPR with a Biacore T-200 instrument. mASSET dilutions (0 to
30nM) in HEPES-buffered saline (HBS) were passed over immobilized RIg on

a CM5 sensor chip (about 1,000 resonance units immobilized IgGs). EDC/NHS
immobilization was at a flow rate of 20 pl min~". The dissociation and association
constants (K;,) were analysed using Biacore evaluation software 4.1.

siRNAs. Chemically modified siRNAs against CD45, luciferase and luciferase-Cy5

(siCy5) were synthesized at IDT (Coralville) using standard phosphoramidite
chemistry and the following sequences.
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CD45 siRNA: sense strand:
mCmUrGrGmCmUrGrArAmUmUmUmCrArGrArGmCrAdTsdT anti-sense
strand: rUrGrCrUrCrUrGrArArArUrUmCrArGrCmCrArGdTsd T

Luc siRNA: sense strand:
mCmUmUAMCrGmCmUrGrArGmUrAmCmUmUmCrGAdTsdT anti-sense
strand: rUrCrGrArArGmUrArCrUmCrArGrCrGmUrArArGdTsdT

TNFa siRNA:

sense strand:
mGmUrCmUrCmArGrCrCrUrCmUrUmCrUmCrAmUrUrCrCrUrGmCT
anti-sense strand:
rArGmCrArGrGrArAmUrGmArGmArArGrArGrGrCrUrGrAmGrAmCmAmU

m:2’-OMe-modified nucleotides. r: RNA bases. phosphorothioate linkages are
represented by “s”

PLK1 dsiRNA:

sense strand:

mGmCrUmUrAmArUrGrArCrGmArGmUrUmCrUmUrUrArCrUrUmCT
anti-sense strand:

rArGmArArGrUrArAmArGmArAmCrUrCrGrUrCrArUrUrAmArGmCm
AmG

Preparation of LNPs with entrapped siRNAs. LNPs were prepared by Avanti
Polar Lipids. Dlin-MC3-DMA (MC3) was synthesized according to a previously
described method". Briefly, one volume of lipid mixture (MC3, DSPC, Cholesterol,
DMG-PEG, and DSPE-PEG at 50:10.5:38:1.4:0.1 mol ratio) in ethanol and three
volumes of siRNA (1:16 w/w siRNA to lipid) in an acetate buffer were injected
in to a microfluidic mixing device Nanoassemblr (Precision Nanosystems) at a
combined flow rate of 2mlmin~' (0.5mlmin~" for ethanol and 1.5 mlmin~"' for
aqueous buffer). The resultant mixture was dialysed against phosphate buffered
saline (PBS) (pH 7.4) for 16 h to remove ethanol. For Cy5-labelled particles, 10%
Cy5-labelled non-targeted siRNA was used. To produce LNPs that harbour a
functional group for conjugation, DSPE-PEG carboxyl was added to the lipid
mixture (MC3, DSPC, Cholesterol, DMG-PEG, and DSPE-PEG carboxyl at
50:10:38:1.5:0.5 mol ratio).

Size distribution. LNP sizes in PBS were measured by dynamic light scattering
using a Malvern nano-ZS Zetasizer (Malvern Instruments Ltd).

Transmission electron microscopy. A drop of aqueous solution containing LNPs
or ASSET LNPs was placed on a carbon-coated copper grid and dried and analysed
using a JEOL 1200 EX transmission electron microscope.

ASSET LNP incorporation and TsiLNP assembly. To incorporate ASSET into
LNPs, ASSET was incubated with LNPs for 48 h at 4°C (1:36, ASSET:siRNA
weight ratio).To test incorporation efficiency, TsiLNPs were separated from

free ASSET by dialysis using a 1 MDa cutoff membrane (Biolab Ltd). ASSET
incorporation was measured by mCherry fluorescence and ELISA. To construct
TsiLNPs, RIg was incubated with ASSET LNPs for 30 min (1:1, RIg:ASSET weight
ratio). Free RIg was removed by dialysis with a 1 MDa cutoff membrane. LNP
components were detected by western blot. ASSET was detected using aHis tag
antibody (Roche) followed by HRP-conjugated goat anti-mouse antibody. RIg
was detected by HRP-conjugated goat anti-Rat antibody. After optimizing the
RIg:ASSET ratio, it was not necessary to remove unbound RIg as all of the RIg
was bound.

siRNA entrapment efficiency and plasma stability. The efficiency of siRNA
encapsulation was determined by agarose gel electrophoresis as previously
described". Briefly, the encapsulation efficiency was determined by comparing
Ethidium bromide siRNA staining of LNPs and ASSET LNPs in the presence or
absence of 0.2% Triton X-100 (Sigma-Aldrich). To test TsiLNP siRNA stability in
plasma, TsiLNPs were incubated in murine plasma for 0-240 min at 37 °C and then
siRNA integrity was tested by agarose gel electrophoresis. Densitometry analysis
was performed using Image.

LNP quantification. To quantify LNPs after conjugation or after the ASSET
assembly procedure, Quant-iT RiboGreen RNA assay (Life Technology) was
used as previously described". 2 pl of LNPs or dilutions of siRNA at known
concentrations were diluted in a final volume of 100 pl of TE buffer (10 mM
Tris-HCI, 20 mM EDTA) and 0.5% Triton X-100 (Sigma-Aldrich) in a 96-well
fluorescent plate (Costar, Corning). The plate was incubated for 10 min at 40°C
to allow particles to become permeabilized before adding 99 pl of TE buffer and
1 pl of RiboGreen reagent to each well. Plates were shaken at room temperature
for 5min and fluorescence (excitation wavelength 485nm, emission wavelength
528 nm) was measured using a plate reader (Biotek).

Confocal microscopy. RAW 264.7 cells (ATCC, TIB-71) were incubated for 30 min
at 37 °C with TsiLNPs, self-assembled with ®CD44 RIg (CEDARLANE) or without
before staining with Hoechst 33342 (Sigma Aldrich) and aCD45. Cells were
washed, and images were analysed using a Nikon C2 (Nikon Instruments Inc.)
confocal microscope.
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Preparation of antibody-conjugated LNPs. To conjugate the xCD34 antibody
(clone mec14.7, GARLANDA Cecilia, Humanitas Clinical and Research Center) to
carboxyl functionalized LNPs, EDC, NHS, LNPs and «CD34 RIg were combined
for 3h at room temperature followed by overnight incubation at 4°C. To remove
free ®xCD34, conjugated particles were loaded on a Cl4b column. Particle-
containing fractions were combined and concentrated with an Amicon 100kDa
cutoff filter (Millipore).

Targeted LNP interaction with Fc receptor. HEK293T cells (ATCC, CRL-1573)
were co-transfected with Fcgr2a (CD32) expression plasmids and GFP reporter
plasmids using Lipofectamine 2000 (Thermo Fisher Scientific) following the
manufacturer’s protocol; 48 h after transfection, cells were harvested and treated
with 1 g of siCy5-loaded LNPs, conjugated to aCD34 (ccTsiLNPs) or 1 g of siCy5
entrapped within TsiLNPs and self-assembled with «CD34 RIg. As a control, cells
were also treated with 1 g siCy5-loaded naked LNPs. Cy5 and GFP fluorescence
was analysed by flow cytometry (Becton Dickinson FACScalibur). To measure
LNP interactions with Fc receptors, Cy5 levels were measured on GFP high

cells, representing highly transfected cells and GFP negative cells, representing
untransfected cells. The score for interaction was calculated as the ratio of
geometric mean Cy5 fluorescence intensity of GFP high and GFP negative cells.

Optimization of ASSET:RIg ratio. ASSET LNPs encapsulating siCy5 were
incubated for 10 min with increasing amounts of aLFA1 (clone M17/4) RIg (0-5:1,
RIg:ASSET molar ratio). siCy5-loaded TsiLNPs (1 ug RNA) were incubated with
TK1 cells for 15min at 4°C in DMEM (Biological Industries) supplemented with
10% serum. LNP binding was detected by measuring the Cy5 fluorescence of
encapsulated Cy5siRNA by flow cytometry.

Animal experiments. All animal protocols were approved by Tel Aviv University
Institutional Animal Care and Usage Committee and in accordance with current
regulations and standards of the Israel Ministry of Health. All animal experiments
were conducted in a double blinded fashion; the researchers were blinded to group
allocation and administered treatments. Mice were randomly divided in a blinded
fashion in the beginning of each experiment.

In vivo uptake and silencing by TsiLNPs. Ten-week-old female C57BL6/J mice
were obtained from Harlan Laboratories. To measure cell-specific LNP uptake,
mice were injected intravenously with siCy5-loaded TsiLNPs, self-assembled

with the following RIgs: altgb7, «CD3, «CD4 (BioXcell) and «CD25 (R&D
Systems). Leukocytes were isolated by density centrifugation using Ficoll-paque
Plus (GE Healthcare) from heparinized blood collected 1.5h after injection. Cells
in PBS containing 1% fetal bovine serum (Biological Industries) were stained
with fluorescently labelled aCD4, aCD8, aCD3, «CD19, aCD11b and aCD25
antibodies (BioLegend) for 30 min at 4°C and analysed by flow cytometry. To
measure gene knockdown, TsiLNPs self-assembled with «CD4 RIg containing
CD45 or luciferase siRNA were injected intravenously on day 1 and day 3
(3mgkg™). On day 5, inguinal lymph nodes were isolated and minced to make

a single-cell suspension. Cells were washed twice with PBS, passed through a

70 pm cell strainer and stained in PBS containing 1% fetal bovine serum with
fluorescently labelled xCD4, CD3 and CD45 antibodies (BioLegend) for 30 min at
4°C. Cells were analysed on a Becton Dickinson FACScalibur flow cytometer with
CellQuest software (Becton Dickinson). Data analysis was performed using FlowJo
software (Tree Star, Inc.).

In vitro knockdown. RAW 264.7 cells (ATCC, TIB-71) (60% confluence) in 24-
well plates were treated with 0.5 pg of siTNFa or siLuc entrapped in LNPs. After
16, cells were washed and activated with 2.5 ngml™"' IFNy (Peprotech). After
48, cells were harvested and mRNA was isolated using EZ-RNA (Biological
Industries), and cDNA was prepared using a cDNA synthesis kit (Quanta
Biosciences). Gapdh was used as the endogenous control. The following sequences
were used for qRT-PCR, normalized to mouse Gapdh: Gapdh Fwd: 5' TTG TGG
AAG GGC TCA TGA CC 3'; Rev: 5" TCT TCT GGG TGG CAG TGA TG 3'; TNF
Fwd: 5 GCA CCA CCA TCA AGG ACT CAA 3'; Rev: 5' TCG AGG CTC CAG
TGA ATT CG 3.
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Granta 519 cells (0.3 x 10°) were placed in tissue culture 24-well plates with
0.5ml of full medium. aCD29-TsiLNPs-dsPLK1 or aCD29-TsiLNPs-siLuc were
added to the wells (8 ugml™). Sixty hours following initial exposure to treatments,
cells were harvested for mRNA quantification and cell cycle analysis. Human eLF3a
was used as the PCR normalization control. Primer sequences: eLF3a Fwd: 5' TCC
AGA GAG CCA GTC CAT 3, eLF3a Rev: 5 CCT GCC ACA ATT CCATGC T
3 PLKI Fwd: 5" ACC AGC ACG TCG TAG GAT TC 3'. PLKI Rev: 5 CAA GCA
CAATTT GCC GTA GG 3’

Cell cycle studies. Granta 519 transfected cells were washed with ice-cold PBS

and fixed with 70% ethanol for 1h. After washing twice with cold PBS, cells were
incubated for 10 min at 37°C in 250 pl PBS with 10 ugml~! propidium iodide (PI),
0.1 mgml~' DNase-free RNase A (Sigma) and 0.01% Triton-X. PI fluorescence was
assessed by flow cytometry. Analyses by FlowJo were performed on at least 9,000
cells per sample after gating out debris and cell doublets based on FL2-Area/FL2-
Width channels. Cell cycle distributions were obtained via the application of the
Dean-Jett-Fox model on gated cells with root mean square scores ranging between
1.5and 2.5.

IBD model. Colitis was induced in 10-week-old female C57BL/6 mice (Harlan
laboratories) using dextran sodium sulphate (DSS) as previously described'. Mice
were fed for 8 days with 2% (wt/vol) DSS in the drinking water. Suspensions (200 u
lin PBS) of TsiLNPs loaded with 1 mgkg~' siRNAs against TNF or Luciferase

and self-assembled with aLy6C or isotype control RIg (BioXcell) were injected
intravenously on days 3, 5 and 7. Body weight was monitored every other day.

On day 8 colitis severity was assessed by colonoscopy scored using the Murine
Endoscopic Index of Colitis (MEICS) and then the mice were killed. All MEICS
scoring was determined based on three impartial assessments. The length of the
entire colon from cecum to anus was measured. Small segments of the colon were
taken for histologic and immunohistochemistry evaluation. Colon samples were
homogenized to assess cytokines by IL-6 and TNFa ELISA kits (R&D Systems).

MCL xenograft model. Eight-week-old female C.B-17/IcrHsd-Prkdc scid mice
(n=10 per group) were treated, beginning 5 days after intravenous injection of
2.5%10° Grant 519 cells as described’, with PBS (mock), isotype control RIg-
LNP-siPLK1 or «CD29-LNP-siPLK1. LNPs containing 2 mgkg™" siRNA were
injected retro-orbitally on days 5, 8, 12, 15, 19, 22 and 26 after tumour injection.
The response was assessed by survival. Mice that lost 15% of their body weight or
developed limb paralysis were euthanized.

Statistical analysis. All data are expressed as mean =+ s.d. Statistical analysis for
comparing two experimental groups was performed using two-sided Student’s
t-tests. In experiments with multiple groups, one-way ANOVA with a Bonferroni
correction was used. Kaplan-Meier curves were used to analyse survival. A value
of P<0.05 was considered statistically significant. Analyses were performed with
Prism 7 (Graph pad Software). Differences are labelled n.s. for not significant,

* for P<0.05, ** for P<0.01, *** for P<0.001 and **** for P<0.0001. The
sample size of each experiment was determined to be the minimal necessary

for statistical significance by the common practice in the field. The similarity
between the variances of each statistically compared group was verified by F tests.
Pre-established criteria for the removal of animals from experiment were based
on animal health, behaviour and well-being as required by ethical guidelines; no
animals were excluded from the experiments.

Data availability. All relevant data are available from the authors upon reasonable
request.
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